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The post-genomic era of biology has seen a
significant shift in focus, from the genes themselves
to the proteins they encode. New studies on the
Arabidopsis chloroplast proteome have raised
interesting questions about the biogenesis, evolution
and functions of chloroplasts.
The evolution of the modern plant cell involved the
acquisition of mitochondria and chloroplasts through
endosymbiosis, and it is now widely accepted that
these organelles are distant relatives of present-day α-
proteobacteria and cyanobacteria, respectively. Over
the course of evolution, the progenitors of mitochondria
and chloroplasts conceded many of their genes to the
nuclear genome, so that now more than 90% of their
constituent proteins are translated on cytoplasmic ribo-
somes [1]. Many of these nucleus-encoded, organellar
proteins initially bear an amino-terminal targeting signal
— called a presequence or transit peptide — which
guides them through a post-translational targeting
pathway to their final destination [2,3]. While programs
for predicting targeting signals from sequence data do
exist [4], these in silico methods are not 100% reliable,
and so the only truly dependable method for determin-
ing the protein complement of a particular organelle is
laboratory experimentation.
The completion of genome sequencing projects, and
advances in methods for routine protein identification
by mass spectrometry, have precipitated the onset of
the proteomic era. In plants, the chloroplast proteome
of the model plant, Arabidopsis thaliana, has received
considerable attention [5–8]. Although the proteome of
an Arabidopsis chloroplast is substantially smaller and
more manageable than that of an entire cell, it never-
theless comprises several thousand different proteins.
For this reason, initial studies tended to focus on a par-
ticular suborganellar compartment. Peltier et al. [5] and
Schubert et al. [6] studied the space enclosed within
the photosynthetic membranes, called the thylakoid
lumen, whereas Ferro et al. [7] and Froehlich et al. [8]
focused on the double membrane system, or envelope,
that surrounds each chloroplast. While many of the
identified proteins turned out to have functions one
would predict would be associated with the compart-
ment in question, many more did not, and so these
studies have paved the way for major advances in our
understanding of thylakoids and the envelope. Such
studies also facilitate the development of protein local-
ization prediction tools [9].
In a recent issue of Current Biology, Kleffmann et al.
[10] have reported the first extensive study of the whole
chloroplast proteome. Using a comprehensive series of
fractionation procedures to overcome dynamic range
limitations — the tendency of abundant proteins to
mask the presence of less abundant proteins — a total
of 690 different proteins were identified in highly puri-
fied preparations of Arabidopsis chloroplasts. By elim-
inating putative contaminating proteins from other
compartments, a final set of 636 proteins was selected
for analysis, 604 of which are encoded by nuclear
genes (the other 32 are encoded by the chloroplast’s
own genome). 
Interestingly, more than 30% of these proteins are of
unknown function. In a recent, similarly comprehensive
study of the Arabidopsis mitochondrial proteome,
almost 20% of the identified proteins were of unknown
function [11], and so it seems that we have some way to
go yet before the functions of these two organelles are
fully understood. Kleffmann et al. [10] achieved nearly
complete identification coverage for major metabolic
pathways, such as the photosynthetic Calvin cycle, but
only partial coverage for pathways that are not abun-
dantly expressed in chloroplasts. Parallel RNA profiling
experiments revealed a correlation between transcript
levels and protein abundances for some metabolic
pathways, but not others, implying the utilization of dif-
ferent regulatory mechanisms in different pathways [10].
Surprisingly, when the sequences of the 604 identified
proteins were analyzed with a widely used program
called TargetP [4], only 376 were predicted to have a
chloroplast transit peptide. Of the remainder, 37 were
predicted to have a mitochondrial presequence, 49 to
have a signal peptide for translocation into the endo-
plasmic reticulum (ER), and 142 to have no cleavable
targeting signal [10]. Kleffmann et al. [10] found that
many of these ‘misplaced’ chloroplast proteins are of
cyanobacterial origin or are encoded by low abundance
transcripts, so it seems unlikely that they are all simply
contaminants from other cellular compartments [10].
And while it is doubtful that the TargetP predictions are
accurate for all of these proteins [4,12], it seems equally
unlikely that they are wholly incorrect, for reasons out-
lined below, and so the data suggest that protein tar-
geting to chloroplasts may be more complex than 
was previously envisaged [3]. The existence of 
mitochondrial proteins with non-canonical targeting
signals is well documented [2], and so it is much less
surprising that TargetP predicted only about 50% of the
proteins identified in Arabidopsis mitochondria [11].
Until recently, all nucleus-encoded chloroplast
proteins were thought to arrive in the organelle via one
of two post-translational targeting mechanisms: active
import of transit peptide-bearing proteins through the
‘translocon at the outer envelope membrane of
chloroplasts’ (Toc) and Tic import machinery [3]; and
spontaneous insertion into the cytosolically exposed,
outer envelope membrane [13]. The former mechanism
mediates the import of numerous proteins destined for
interior locations within chloroplasts — such as the
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inner envelope membrane, stroma and thylakoids —
whereas the latter is exclusively associated with inte-
gral proteins of the outer envelope membrane. Thus, it
has been assumed that all proteins destined for interior
locations within chloroplasts must bear a cleavable,
amino-terminal transit peptide.
The first evidence for a slightly more complicated
picture of chloroplast protein biogenesis was provided
by Miras et al. [14]. During the course of their study of
the Arabidopsis envelope proteome [7], these authors
identified a soluble protein with strong homology to
quinone oxidoreductases from bacteria, yeast and
animals — this protein was termed ceQORH, for chloro-
plast envelope quinone oxidoreductase homologue.
Intriguingly, although alignments of the ceQORH
protein with its bacterial, yeast and animal counterparts
revealed no amino-terminal extension, or transit
peptide, the protein was nevertheless found associated
with the inner envelope membrane. The absence of a
canonical transit peptide was further demonstrated by
analyzing the localization of various truncated forms of
ceQORH, fused to GFP, in plant cells. These studies
revealed that the extreme amino terminus of ceQORH
is not required for efficient chloroplast targeting; rather,
an internal sequence of about 40 amino acids controls
its subcellular localization [14].
Although the internal targeting signal of ceQORH
does not bear any obvious resemblance to standard
chloroplast transit peptides, the protein may neverthe-
less follow the normal Toc/Tic-mediated import route.
Mitochondrial proteins with internal targeting signals
also exist, and, while these proteins are recognized by
a different primary receptor, they do pass through the
same core translocon complex as proteins with cleav-
able presequences [2]. The receptor for these mito-
chondrial proteins is the ‘translocase of the outer
mitochondrial membrane, 70 kDa’ (Tom70), a protein
which projects a large tetratricopeptide repeat (TPR)
protein–protein interaction domain into the cytosol [2].
A structurally similar protein of unknown function,
Toc64, has been identified in association with the Toc
complex of chloroplasts [15], and so it is conceivable
that chloroplast proteins with internal targeting signals,
like ceQORH, are targeted in a similar way. In the
absence of any relevant experimental data, however, it
remains to be determined how ceQORH gains access
to the chloroplast interior.
The identification of so many proteins with predicted
signal peptides (for ER translocation) inside chloro-
plasts is a surprising result [10]. Signal peptides are
structurally quite distinct from chloroplast transit pep-
tides, and can be predicted with remarkably high con-
fidence. From data presented by Emanuelsson et al. [4],
TargetP would be expected to misidentify less than ten
signal peptides amongst a population of 604 proteins
with bona fide chloroplast transit peptides. What is
more, well over half of the 49 signal peptide predictions
fall into the highest reliability class (RC1), and, of these,
several are encoded by low or very low abundance
transcripts. It therefore seems unlikely that all 49 pro-
teins actually have chloroplast transit peptides or are
contaminants, and so the revolutionary possibility of an
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Figure 1. The predicted fate of cyanobac-
terially derived genes in Arabidopsis.
Phylogenetic studies of the fully
sequenced genomes of Arabidopsis,
yeast, three species of cyanobacteria
(Prochlorococcus, Synechocystis and
Nostoc), and some other prokaryotic
organisms enabled the evolutionary
origins of Arabidopsis genes to be pre-
dicted [1,20]. The chloroplast genome, or
plastome, encodes 87 genes of
cyanobacterial origin, whereas the
nuclear genome, or nucleome, encodes
4300 genes that appear to be derived
from the photosynthetic endosymbiont.
Analyses of these cyanobacterially
derived nuclear genes with the localiza-
tion-prediction program, TargetP [4],
revealed that many of them encode pro-
teins that do not appear to have canonical
transit peptides for chloroplast localiza-
tion: green numbers indicate TargetP pre-
dictions for Arabidopsis proteins of
cyanobacterial origin, and black numbers
indicate TargetP predictions for all
~25,000 Arabidopsis proteins. Data pre-
sented by Kleffmann et al. [10] suggest
that these subcellular targeting predic-
tions need to be reassessed. (Adapted
from Leister [1].)
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alternative route to the higher plant chloroplast through
the endomembrane system must be considered. Inter-
estingly, close physical associations between the endo-
plasmic reticulum and the plastid outer envelope
membrane have been well documented over many
years [16], and biochemical interactions between the
two membrane systems are an essential part of normal
lipid metabolism [17].
While there is no direct evidence for chloroplast
protein traffic through the endomembrane system in
higher plants, it is quite clear that such targeting
pathways are the norm in algae that have complex
plastids — plastids that are surrounded by three or four
membranes, instead of the usual two, and which were
derived from algae with simple plastids through sec-
ondary endosymbioses [18]. Chloroplast proteins in
these species typically have a bipartite targeting signal,
composed of an amino-terminal signal peptide fused to
a more-or-less standard chloroplast transit peptide.
The signal peptide directs the chloroplast precursor
into the endoplasmic reticulum, where it is removed,
and then the protein passes through the endomem-
brane system until it arrives at the plastid, at which
point the transit peptide mediates chloroplast import in
the usual fashion [18]. This type of targeting pathway
makes sense in these organisms, given the complex
nature of their plastids and the likely autogenous origin
of the outer organellar membrane, but would seem
unnecessary in higher plants. Clearly, further work is
required before any firm conclusions about the signifi-
cance of the identified chloroplast proteins with puta-
tive signal peptides can be made.
That some of the proteins identified within the
Arabidopsis chloroplast proteome are predicted to
have mitochondrial presequences [10] is much less
surprising. Presequences and chloroplast transit
peptides have many similarities and are difficult to dis-
tinguish [4], and, what is more, it is now becoming
increasingly clear that certain proteins can be ‘dual-
targeted’ to both chloroplasts and mitochondria [19].
The identification of chloroplast proteins predicted to
have no cleavable targeting signal can be explained in
a number of different ways. Undoubtedly, a significant
proportion of these are outer envelope membrane
proteins that undergo spontaneous insertion [13]. Of
the remainder, some may have been classified incor-
rectly by TargetP [4,12], whereas others may have
internal targeting signals for chloroplast localization,
like ceQORH [14].
In light of the various chloroplast proteomic studies
conducted to date, it seems that it will be necessary to
develop new prediction tools for the identification of
chloroplast proteins, to revise estimates of the size of
the Arabidopsis chloroplast proteome derived using
TargetP predictions, and to reassess the notion that
many plant nuclear genes inherited from the
cyanobacterial endosymbiont encode proteins that are
not targeted back to the chloroplast (Figure 1) [20]. The
further, and more extensive, application of proteomics
will play a significant role in achieving these objectives,
and, in conjunction with complementary technologies
such as transcriptomics and metabolomics, will ulti-
mately lead to a complete and accurate description of
the constitution and functioning of the photosynthetic
organelle upon which we all depend.
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